The isotope dilution technique involving deuterated retinol has been developed to quantitatively estimate total body reserves of vitamin A in humans. The technique provided good estimates in comparison to hepatic vitamin A concentrations in Bangladeshi surgical patients. Kinetic studies in the United States, Bangladesh, and Guatemala indicated the mean equilibration time of 17 to 20 days irrespective of the size of hepatic reserves. Due to the controversy surrounding the efficacy of a carotenerich diet on improvement of vitamin A status, the isotope dilution technique was proposed to pursue this research question further (IAEA's coordinated research program). In the Philippines, schoolchildren with low serum retinol concentrations showed significant improvement in total body vitamin A stores following intake of carotene-rich foods (orange fruits and vegetables), using a three-day deuterated-retinol-dilution procedure. When Chinese kindergarten children were fed green and yellow vegetables during the winter, their total body vitamin A stores were sustained as compared to a steady decline of vitamin A stores in the control children. Likewise, daily consumption of purified beta-carotene or a diet rich in provitamin A carotenoids were shown to prevent a loss in total body vitamin A stores among Thai lactating women during the rice-planting season. These studies demonstrate potentials of the isotope dilution technique to evaluate the impact of provitamin A carotenoid intervention programs.
Introduction
Vitamin A deficiency represents a continuum of stages beginning from poor dietary intake to depletion of body stores followed by reduction in circulating and tissue levels which later result in functional impairment (vision, epithelial differentiation, immune system, etc.) and finally, the eruption of clinical signs or xerophthalmia [1] . Assessment of vitamin A status is critical to program design, implementation, monitoring, and evaluation. Biochemical methods to assess vitamin A status depend on the metabolic pattern of vitamin A. Under normal physiological conditions, dietary vitamin A in the form of retinyl esters is hydrolyzed, in the intestinal lumen, to retinol which is well absorbed in the presence of fat. Retinol is re-esterified in the intestinal mucosa and incorporated into chylomicra prior to release into the circulation. Through the degradation by lipoprotein lipase, retinol is released, taken up, and stored in the stellate cells of the liver as retinyl esters which accounts for about 80% of total vitamin A reserves in the body. Hepatic vitamin A stores in adult men turn over slowly with a half-life of 126 to 140 days. To release the stores, retinol combines with retinol-binding protein (RBP) in the parenchymal cells of the liver and is released into the plasma as holo-RBP. As vitamin A stores decrease, the body turns to conservation of the vitamin A by reducing the catabolism of vitamin A, resulting in less excretion of vitamin A metabolites in the feces and urine [2, 3] . Such homeostatic regulations can be disrupted by the presence of infections, primarily through the reduction of plasma retinol concentrations, enhancement of catabolic rate, and increased urinary excretion.
Isotope dilution technique
Vitamin A concentration in the plasma is widely used to assess vitamin A status. However, the level of circulating vitamin A is under a homeostatic control over a broad range of body stores and only reflects status when the stores are very low or very high. Although hepatic concentration of vitamin A is considered the best indicator of vitamin A status, direct biopsy of the
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The author is affiliated with the Institute of Nutrition, Mahidol University in Nakhon Pathom, Thailand. Emorn Wasantwisut liver is not feasible for a population study. Indirect biochemical assessments, such as the dose response test, are useful to identify the at-risk groups in need of intervention but they cannot provide quantitative estimates of vitamin A stores [4] . The isotope dilution technique has been developed to determine body stores of vitamin A [5] . The method is based on the equilibration of newly absorbed vitamin A, labeled with isotopic tracers with the existing body pool of vitamin A after which the body pool can be calculated by a dilution equation. A known oral dose of vitamin A in oil will equilibrate well with total body reserves of vitamin A after 25 days or so whereas the ratio of deuterated to non-deuterated retinol in the plasma reflects total body stores. The isotopic dilution will be great if the initial reserves are large while a smaller isotopic dilution reflects lower body stores. The technique has been shown to provide a good estimate of liver reserves in Bangladeshi surgical patients despite a wide prediction interval for individual subjects [6] . A study on the kinetics of an oral dose of deuterated retinyl acetate in healthy subjects in the United States as well as in Bangladeshi women (24 to 36 years old) indicated a mean equilibration time of 16 to 17 days [7] which was not affected by the size of hepatic reserves. A recent study in Guatemalan elderly [8] showed that equilibration occurred by 20 day post-dosing which is in agreement with the former report. Based on this evidence, total body vitamin A stores can be estimated according to the principles of isotope dilution, a set of assumptions regarding retention of the labeled dose, the ratio of specific activities of plasma to liver vitamin A, and the irreversible loss of vitamin A over time. Total body reserves can be calculated using the Furr equation [5] .
The challenges concerning bioavailability of provitamin A
Rural communities depend primarily on food rich in provitamin A carotenoids, such as dark green leafy vegetables and yellow and orange vegetables and fruits for their vitamin A supply. However, the bioavailability and bioconversion of provitamin A carotenoids are influenced by a number of factors, i.e., chemical structure, food matrix in which a carotenoid is incorporated, cooking methods, dietary fat, nutrient status (vitamin A, protein, zinc) of the host, genetic factors, and interactions among these factors [9] . In 16 studies conducted from 1958 to 1994 preschool children were fed dark green leafy vegetables, carrots, or purified beta-carotene [9] . Of these, 13 reported an elevation of serum retinol from 3 to 24 µg/dl, while three others found no improvement (table 1) . Nevertheless, these studies were consistent in demonstrating a higher serum response with the administration of purified beta-carotene or retinol supplements. The conflicting evidence led to a controversial issue since these studies had certain limitations in research design and methods. In a study in Indonesian lactating women [10] there was no change in serum and breastmilk vitamin A to a routine diet of dark green leafy vegetables (3.5 mg beta-carotene daily for 12 weeks), while there was a strong improvement to a similar amount of beta-carotene in an enriched wafer. The evidence from this study created doubts as to the efficacy of provitamin A-rich foods in the prevention of vitamin A deficiency [10] . The International Atomic Energy Agency (IAEA) set up a coordinated research program (CRP) on vitamin A nutrition using the isotope dilution technique before and after dietary interventions in China, the Philippines, and Thailand [11] . 
Impact of dietary intervention by isotope dilution China
The study in China aimed to determine whether plant foods rich in provitamin A carotenoids can sustain or improve vitamin A status in kindergarten children during the fall season [12] . Forty-six children aged 5 to 6.5 years received either green and yellow vegetables (4.7mg beta-carotene/day) or light-colored vegetables (0.7mg beta-carotene/day) every weekday for 10 consecutive weeks. Octadeuterated and tetradeuterated vitamin A were given before and after the dietary interventions, respectively. Serum retinol concentrations were sustained in the green and yellow vegetable group but they decreased significantly in the light-colored vegetable group. Estimation of body stores using isotope dilution confirmed that children fed light-colored vegetables showed a decrease, on average, of 27 µmol or 7,700 µg retinol per child. On the other hand, the total body retinol stores of children in the green and yellow vegetable group were sustained. Therefore, the study indicated that carotenoid-rich vegetables were effective in maintaining adequate vitamin A nutrition and in protecting the children from becoming vitamin A deficient during the season when such food sources are scarce.
Philippines
In the Philippines [13] , 7 to 13 year old schoolchildren with marginal serum retinol concentrations (0.32-0.93 µmol/L) received lunch and snacks rich in provitamin A carotenoids on weekdays for 12 consecutive weeks. The foods provided on average, 13 mg beta-carotene per child per day. The study also tested the ability of the three-day deuterated-retinol-dilution (DRD) procedure to detect changes in the pool size of body vitamin A. Following the intervention period, both serum retinol and beta-carotene concentrations significantly increased. In addition, the three-day DRD showed an improvement in body vitamin A stores, especially among those whose status was low at baseline. In summary, the study suggested that bioconversion of provitamin A carotenoids in plants to vitamin A in the body varies inversely with vitamin A status. In addition, the three-day DRD procedure can be used to detect changes of body vitamin A stores and a predictive equation should be developed further.
Thailand
The study on lactating women in Northeast Thailand evaluated the efficacy of a provitamin A mid-day meal given five days per week for 12 weeks on total body retinol stores by isotope dilution and other vitamin A status indices [14] . Eighty-five women with low serum retinol concentrations (< 0.87 µmol/L) were randomly given a meal with either dark green leaves and yellow or orange vegetables and fruits (4.7 mg beta-carotene), purified beta-carotene (3.6 mg), or low-carotenoid foods (< 0.5 mg beta-carotene). Following the intervention, serum retinol increased similarly in all groups, which is likely to reflect seasonal influences on habitual diet. On the other hand, breastmilk retinol increased more in women receiving the provitamin A diet. Total body retinol stores tended to decline more in the control group. In summary, a short-term (3 months) increase in dietary intake of beta-carotene-rich foods had no effect on serum retinol and modestly increased breastmilk retinol concentration but may have prevented a slight decline in total body retinol stores, that could result from breastfeeding. Further study should extend dietary intervention through a full year to avoid seasonal influences and to properly evaluate long-term effects of diet on vitamin A status and body stores of vitamin A.
Summary and future needs
The isotope dilution technique has been developed to assess body stores of vitamin A. The method involved a dilution of an oral dose of isotopic vitamin A which equilibrates with total body reserves after 25 days. A larger isotope dilution indicates a large initial pool size and vice versa. The total body stores can be calculated by a dilution equation. The estimated vitamin A reserves were validated through liver biopsy in tested subjects and showed a good reliability. Studies in the United States, Bangladesh, Guatemala, China, Philippines, and Thailand demonstrated the potential of using the isotope dilution technique to determine total body reserves in an individual and to assess the impact of dietary interventions on changes in body stores of vitamin A. Further application of isotope dilution in program evaluation should be examined. In addition, future research should explore the use of isotopic ratio at day three post-dose to estimate body vitamin A stores as well as the refinement of the isotope dilution technique for application in different age groups.
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